The 6b gene in the T-DNA region of the Ti plasmids of Agrobacterium tumefaciens and A. vitis is able to generate shooty calli in phytohormone-free culture of leaf sections of tobacco transformed with 6b. In the present study, we report characteristic morphological abnormalities of the leaves of transgenic tobacco and Arabidopsis that express 6b from pTiAKE10 (AK-6b), and altered expression of genes related to cell division and meristem formation in the transgenic plants. Cotyledons and leaves of both transgenic tobacco and Arabidopsis exhibited various abnormalities including upward curling of leaf blades, and transgenic tobacco leaves produced leaf-like outgrowths from the abaxial side. Transcripts of some class 1 KNOX homeobox genes, which are thought to be related to meristem functions, and cell cycle regulating genes were ectopically accumulated in mature leaves. M phase-specific genes were also ectopically expressed at the abaxial sides of mature leaves. These results suggest that the AK-6b gene stimulates the cellular potential for division and meristematic functions preferentially in the abaxial side of leaves and that the leaf phenotypes generated by AK-6b are at least in part due to such biased cell division during polar development of leaves. The results of the present experiments with a fusion gene between the AK-6b gene and the glucocorticoid receptor gene showed that nuclear import of the AK-6b protein was essential for upward curling of leaves and hormonefree callus formation, suggesting a role for AK-6b in nuclear events.
Introduction
Agrobacterium tumefaciens and A. vitis strains that harbor Ti plasmids induce crown gall tumors upon infection of dicotyledonous plants. T-DNAs from most Ti plasmids contain the three well-characterized genes ipt (tmr), iaaM (tms1) and iaaH (tms2), which are involved in biosynthesis of cytokinin and auxins, respectively, and responsible for the formation of the crown gall tumors. This region also encodes a gene called 6b, which exhibits an oncogenic effect on certain plant species (Hooykaas et al. 1988 , Tinland et al. 1989 ). The 6b genes from various Ti plasmids stimulate ipt-and iaaM/iaaH-induced division of cells (Tinland et al. 1989, Wabiko and Minemura 1996) and induce the formation of shooty calli when discs from leaves that express the 6b gene from pTiAKE10 (AK-6b) are incubated in the absence of exogenous phytohormones in the culture medium (Wabiko and Minemura 1996) . Therefore, the AK-6b gene appears to play a role in the proliferation of plant cells, which might be related to the action of the plant growth regulators auxin and cytokinin (Kitakura et al. 2002) .
It has been reported that transgenic tobacco plants that express 6b genes from various sources show abnormal leaf morphology. Transgenic plants of Nicotiana rustica in which the T-6b gene (from pTiTm4) is driven by the heat-shock promoter generate tubular leaves upon heat shock treatment (Tinland et al. 1992) , and the transgenic tobacco plants that express AK-6b develop small leaf-like structures from veins of the abaxial leaf surface, some of which are extremely asymmetric along the midvein (Wabiko and Minemura 1996) . Recently, Helfer et al. (2003) reported that AB-6b (from pTiAB4) transgenic tobacco plants formed extra cell layers in the abaxial side of leaves and displayed alterations in flower morphology, and that AB-6b transgenic Arabidopsis plants generated radial symmetrical tubes on the abaxial side of the leaves. Northern blot analysis of cell cycle genes in AB-6b-transformed leaves, however, showed no significant difference in levels of transcripts of these genes compared with those in untransformed leaves (Helfer et al. 2003) . However, the relationship between severity of phenotypes generated by the 6b gene and levels of transcripts of genes related to cell division and organ development has yet to be extensively investigated. It also remains to be examined how the phenotypes are directly related to cell division. In addition, expression of AK-6b affects levels of accumulation of various metabolites including phenolics in plants (Gális et al. 2004 , Kakiuchi et al. 2006 , though the genetic basis for such effects is unclear.
The 6b protein has been shown to be localized to plant nuclei and associated with a nuclear protein of tobacco named NtSIP1 (Kitakura et al. 2002) . NtSIP1 has an amino acid sequence that is similar to a tri-helix motif, which is known to be a DNA-binding sequence in the rice transcription factor GT-2 (Dehesh et al. 1992) , and promotes nuclear localization of the 6b protein. A chimeric 6b protein that is fused to the DNAbinding domain of yeast GAL4 protein activates transcription of a reporter gene in tobacco cells. We have recently identified other binding proteins, which were also predicted to be nuclear proteins (our unpublished data). Based on these observations, we propose that 6b might function as a transcriptional co-activator/mediator by interacting with NtSIP1 (Kitakura et al. 2002) . However, it has not been examined whether nuclear localization of 6b protein is essential for the generation of 6b-related phenotypes. Recently, it has been reported the T-6b protein moves through leaf cells (Grémillon et al. 2004) .
In the present study, we focused on the leaf abnormality generated by expression of AK-6b because such an abnormality is consistently observed in both transgenic tobacco and Arabidopsis that express the AK-6b gene; in particular, upwardly curled leaves were commonly found at early developmental stages of leaves of both plant species. Anatomical studies and in situ hybridization of M phase-specific genes with leaves of transgenic tobacco suggested that the division competence of cells is enhanced in the abaxial side of the transgenic leaves. Using a glucocorticoid receptor (GR)-fused AK6b, we showed that nuclear localization is essential for the phenotypes generated by AK-6b including upward curling of leaves and hormone-free callus formation.
Results
The AK-6b gene stimulates cell division and affects cell differentiation at the abaxial side of leaves Transgenic tobacco plants that express the AK-6b gene controlled by the 35S promoter (P35S) exhibited two classes of phenotypes. In tobacco plants that displayed a mild phenotype, cotyledons and leaves were curled upwardly along the longitudinal axis at early growth stages (Fig. 1Ab, Ad) , and generated a number of outgrowths from the abaxial surface (Fig. 1Ad) . Plants that showed a severe phenotype produced leaves with long petioles and an unexpanded lamina that was often associ- Enhanced cell division and modified vein formation 666 ated with rod-shaped protrusions (Fig. 1Ae) . Transgenic Arabidopsis plants generated upwardly curled cotyledons and rosette leaves, which often exhibited extensive serration (Fig.  1B) . Thus, upward curling of cotyledons and leaves along the longitudinal axis was the common phenotype in transgenic tobacco and Arabidopsis.
Because of obvious leaf abnormality of transgenic tobacco, we carried out anatomical studies with such transgenic plants. We prepared transverse sections of the upwardly curled leaves (Fig. 1Bb) and investigated numbers and shapes of mesophyll cells (Fig. 2) . Compared with sections from wildtype leaves (Fig. 2Aa, Ac) , the number of cell layers in transgenic leaves was approximately 1.5-fold more in the adaxial/ abaxial orientation: roughly three layers were added (Fig. 2Ab,  Ad) . This seems to be due to the presence of additional layers of small cells at the abaxial side (Fig. 2Ad) . We also observed cross-sections of the petiole in AK-6b transgenic tobacco plants (Fig. 2B ). In the cross-section from the middle region of a petiole of AK-6b-expressing tobacco that exhibited the mild phenotype ( Fig. 1Ad ), many clusters of densely stained cells were visible in cortex cells (Fig. 2Bf, Bj) . In the petiole of severely affected plants (Fig. 1Ae) , the organization of epidermis, cortex and vascular tissues was distorted, a prominent midvein disappeared and a number of clusters of small and densely stained cells appeared in the cortex (Fig. 2Bc , Bg, Bd, Bh). In such a severely distorted and long petiole, the establishment of the adaxial/abaxial polarity seemed to be disrupted, because of the lack of leaf blade and the disappearance of the normally arrayed vascular bundles along the adaxial/abaxial axis ( Fig. 2Bl) .
Cell division and meristem-related genes are ectopically expressed in AK-6b transgenic tobacco and Arabidopsis plants Because phenotypic abnormalities in leaves were related to cell division and differentiation as we described above, we prepared RNAs from leaves of 5-6 cm in length that were isolated from wild-type and 6b transgenic tobacco plants grown as described in Materials and Methods and investigated transcrip- Enhanced cell division and modified vein formation 667 tion of genes involved in cell division, and development and maintenance of the shoot apical meristem. As shown in Fig.  3A , levels of AK-6b transcripts in leaves of transgenic tobacco were correlated with the severity of the phenotype (lanes 3 and 4). We examined levels of transcripts of the NTH15, NTH1, NTH20 and NTH22 genes, members of the class 1 KNOX homeobox gene family of tobacco (Nishimura et al. 1999 ). Transcripts of these homeobox genes accumulated in leaves of the severe phenotype (Fig. 3A, lane 4) as well as in shoot apices of untransformed tobacco (Fig. 3A, lane 2) , but transcripts were rarely detected in leaves showing the mild phenotype and in untransformed leaves (Fig. 3A, lanes 3 and 1) . Transcripts of cyclinB, CycD3;1, NtmybA2 and NACK1 genes that are normally expressed only at certain stages of the cell cycle also accumulated in transgenic leaves (lanes 3 and 4) and shoot apices of untransformed tobacco (lane 2). The accumulation levels of transcripts of IAA2.3 and IAA4.3 genes in transgenic leaves did not differ from those of transcripts of the corresponding genes in untransformed leaves.
We performed in situ hybridization to detect transcripts of NACK1 that encode an M phase-specific kinesin-like protein in leaves as isolated above. In untransformed tobacco, NACK1 transcripts accumulated in a patchy pattern in the region around a shoot apical meristem and leaf primordia (Fig. 3Ba) , which was similar to the pattern of cyclinB and NtmybA2 transcripts (Ito et al. 2001) . In AK-6b transgenic tobacco, positive signals were detected in the junction region between the midvein and the leaf blade of the abaxial side (Fig. 3Bb) and in the additional cell layer of the abaxial side of the leaf blade (Fig. 3Bc) . No such signal was detected in the adaxial side of AK-6b transgenic leaves.
We also investigated by real-time PCR the accumulation levels of transcripts of Arabidopsis genes such as class 1 KNOX genes (STM, BP, KNAT2 and KNAT6), CUC1, CUC2, CUC3, AtNACK1/HIK and cyclinB genes in the first and the second leaves of 14-day-old wild-type and AK-6b-transgenic Arabidopsis plants. As shown in Fig. 4 , the levels of transcripts of these genes increased in the leaves of AK-6b transgenic Arabidopsis, although the rates of increase were different in the genes examined.
The nuclear import of AK-6b protein is crucial for upward curling of transgenic leaves and in vitro formation of calli
To examine a correlation between nuclear localization of the 6b protein and the phenotypes created by expression of 6b in tobacco plants, we utilized a fusion protein between AK-6b and the GR, nuclear import of which can be induced by the steroid hormone dexamethasone (DEX). The morphology of transgenic tobacco plants that expressed the AK-6b::GR fusion gene was indistinguishable from that of control tobacco plants transformed with empty vector pSK1 in the absence of DEX (Fig. 5Aa , Ac, Ba). When transgenic plants with AK-6b::GR were grown in the presence of DEX, they generated upwardly curled leaves (Fig. 5Ad, Bb) . Transgenic tobacco plants transformed with an empty vector did not show such a phenotype even in the presence of DEX (Fig. 5Ab) . We obtained 12 independent transgenic tobacco plants, and six of them showed the DEX-dependent phenotype. These results suggest that the AK6b-GR protein that may exist in the cytoplasm without DEX is not functional in the generation of phenotypes and that its nuclear import induced by DEX causes the appearance of the phenotype. Transgenic tobacco plants that express GVG (GAL4-VP16-GR) exhibit no morphological abnormality , indicating that the GR moiety in the fusion protein was not responsible for the phenotype observed.
To examine whether the functional conversion of AK-6b activity induced by DEX is correlated with the nuclear locali- zation of AK-6b-GR, we generated a fusion construct in which the AK-6b::GR DNA was fused to the gene for green fluorescent protein (sGFP) (sGFP::AK-6b::GR). The fusion construct was introduced into BY-2 cells and fluorescence due to sGFP in the cells was monitored. Although the signal was distributed in the cytoplasm in the absence of DEX (Fig. 5Ca) , the signal of the sGFP-AK-6b-GR fusion protein was detected in nuclei of BY-2 cells in the presence of DEX (Fig. 5Cb) . Quantitative analysis of the fluorescence signals showed the clear nuclear localization of the fusion protein that was induced by DEX (Fig. 5D) .
Subsequently, we examined the effects of DEX on callus formation from transgenic leaves carrying sGFP-AK-6b-GR. When the leaf discs carrying sGFP-AK-6b were incubated in hormone-free medium, calli were formed regardless of the presence of DEX (Fig. 6Ac, Ad, B) . However, such calli were generated only in the presence of DEX when discs of transgenic leaves carrying sGFP-AK-6b-GR were tested (Fig. 6Ae,  Af, B) .
These results suggest that the nuclear import of AK-6b protein is important for the generation of upwardly curled leaves in AK-6b transgenic plants and hormone-independent formation of calli.
Discussion

Overexpression of the AK-6b gene induces ectopic cell division in leaves of transgenic tobacco
The present results provided three lines of evidence for the occurrence of ectopic cell division and the altered meristematic state of cells at least in the abaxial side of leaves and in petioles of AK-6b transgenic tobacco plants. First, microscopic analysis of transgenic leaves showed that the abaxial side of the leaves contained a large number of additional small cells as well as enation-like protrusions in the abaxial side (Fig. 2) . These phenotypic observations are consistent with those reported by Helfer et al. (2003) . Petioles of transgenic tobacco plants also contained a number of smaller cells, compared with cells in untransformed tobacco plants, and many clusters of densely stained cells, which are similar to cells of vascular tissues (Fig. 2) . Secondly, transcripts of meristem-related homeobox genes and cell division-controlling genes, which are normally accumulated in dividing cells and meristematic tissues but not in mature leaves, were detected in leaves of transgenic tobacco and the Arabidopsis plants (Fig. 3,  4) . The levels of transcripts of these genes were well correlated with the severity of the phenotypes generated by AK-6b expression (Fig. 3A) . Helfer et al. (2003) reported that the transcript levels of the cell cycle genes such as NtCYC1 (cyclin B1) in leaves of AB-6b-expressing tobacco are somewhat lower than those in leaves of normal tobacco when leaves in the same developmental stages are examined. The observed differences in transcript levels might have been due to lower accumulation levels of AB-6b transcripts than those of AK-6b transcripts in the present study. Thirdly, analysis by in situ hybridization revealed that transcripts of the M phase-specific gene NACK1 accumulated in a patchy pattern in the abaxial side of transgenic leaves (Fig. 3B) . These results indicate that cell proliferation is stimulated and the developmentally indeterminate state One hundred leaf sections were examined for callus formation in each test as described in (A). The numbers of sections that produced calli smaller than 1 mm, and those larger than 1 mm, were counted. Data are presented as percentages.
Enhanced cell division and modified vein formation 670 increases in leaves of transgenic plants expressing the AK-6b gene, particularly in the abaxial side. Such an unbalanced cell proliferation between adaxial and abaxial sides of leaves might cause upward curling of the leaves, which was observed commonly both in transgenic tobacco and in Arabidopsis plants (Fig. 1) . Similar upward curling of leaves is also observed in Arabidopsis plants that overexpress the ASYMMETRIC LEAVES2 (AS2) gene (Iwakawa et al. 2002) , co-express the ipt, iaaM and iaaH genes from T-DNA (see Introduction) (Eklöf et al. 2000) and have gain-of-function mutations in some IAA genes that are negative regulators of auxin-inducible transcription of genes (Reed 2001) . Therefore, one of the roles of 6b might be related to physiological processes controlled by these genes.
Recently, we have identified several genes for tobacco nuclear proteins that bind the AK-6b protein and proposed that these plant proteins might be involved in expression of plant genes that might be related to cell proliferation (Kitakura et al. 2002) . Such AK-6b-interacting factors in plant cells might contribute to the tissue specificity of the cell proliferation generated by AK-6b, although the tissue-specific roles and/or localization of these factors have yet to be determined. The molecular mechanism behind the unbalanced growth of cells remains to be elucidated.
Although the 6b gene has the ability to induce the proliferation of plant cells (see Introduction), the effect of 6b on the formation of crown galls is relatively weak as compared with those of genes for biosynthesis of auxin [iaaM (tms1) and iaaH (tms2)] and cytokinin [ipt (tmr)] in T-DNAs: mutations in 6b do not severely affect the tumorigenicity of T-DNAs (Garfinkel et al. 1981 , Joos et al. 1983 . However, it is worth noting that the 6b gene is widely conserved in T-DNA regions of various Ti plasmids (Helfer and Otten 2002) . Such conservation suggests a certain role for 6b in the tumor formation that is associated with the genetic transformation with T-DNAs. It was proposed that the gene might have a more crucial role in tumorigenicity on some host plant species (Hooykaas et al. 1988) . Molecular analysis of the 6b protein in nuclei will provide further understanding of the role of this protein in tumor formation on plants.
The AK-6b gene inhibits development of leaf blades and proper vascular systems
The high level of AK-6b expression in the severe mutant leaves inhibited development of leaf blades and generated rodlike leaf structures with narrow and flat regions at the tips (Fig.  1Ae) . In addition, a single prominent vascular system that is normally present in the middle of a petiole was not found, and many thinner vasculatures were observed in the rod-like leaves (Fig. 2Bd, Bh) . These observations may imply that the formation of leaf blades and the proper development of vasculatures are severely inhibited by the expression of AK-6b. Since these phenotypes are reminiscent of malformed leaves generated by overexpression and ectopic expression of KANADI genes of Arabidopsis that determine the abaxial fate of leaves (Eshed et al. 2001) , and by multiple loss-of-function mutations in PHAB-ULOSA, PHAVOLUTA and REVOLUTA genes that are determinants for the adaxial fate of leaves (Emery et al. 2003) , the adaxial/abaxial polarity of these transgenic tobacco leaves seems to be affected by expression of the AK-6b gene. It is proposed that leaf blades would be generated on the basis of the development of the adaxial/abaxial polarity of leaves: if the development of such a polarity is disordered by loss-of-function mutations in genes responsible for polarity formation, formation of leaf blades is inhibited, which results in generation of rod-like leaves with malformed vascular tissues (Waites and Hudson 1995, Emery et al. 2003) . However, levels of transcripts of these genes were not significantly affected in AK-6b transgenic Arabidopsis (our unpublished data). The observed alteration generated by AK-6b seems to be independent of the control by the mechanism modulated by these genes. The relationship between the 6b gene and the adaxial/abaxial polarity must be studied further.
Roles of class 1 KNOX homeobox genes in formation of abnormal leaves by AK-6b
With regard to cell division and differentiation, it is worth noting that transcripts of a number of class 1 KNOX homeobox genes were ectopically accumulated in leaves of transgenic tobacco and Arabidopsis (Fig. 3, 4) . The SHOOT-MERISTEM-LESS gene (STM) is known to be responsible for development and/or maintenance of shoot apical meristems during plant development. Other related genes are also normally expressed in or around the shoot apical meristem (Long et al. 1996 , Tamaoki et al. 1997 , Nishimura et al. 1999 , Hake et al. 2004 ). Transcripts of class 1 KNOX genes were hardly detected in mature leaves. Overexpression and ectopic expression of these genes cause formation of malformed leaves with knobs, lobes and serrations, and also induce formation of ectopic shoots, suggesting that KNOX genes induce the conversion of differentiated states of cells to meristematic states in leaves (Vollbrecht et al. 1991 , Tamaoki et al. 1997 , Byrne et al. 2000 , Nishimura et al. 2000 , Semiarti et al. 2001 . Some phenotypes such as the enation-like protrusion and the abnormality of the adaxial/ abaxial polarity of leaves generated by AK-6b might be related to ectopic expression of these KNOX genes in tobacco leaves. Expression of the orf13 gene, which is present on the T-DNA of Agrobacterium rhizogenes and encodes a protein that is similar in terms of amino acid sequence to 6b, also induces ectopic expression of class 1 KNOX genes in mature leaves of tomato (Stieger et al. 2004 ). These authors propose that orf13 could confer meristematic competence to cells infected by A. rhizogenes by inducing the expression of KNOX genes. To understand the molecular basis of the leaf abnormalities, the roles of class 1 KNOX genes need further investigation.
In addition, it would be intriguing to study the mechanism by which the AK-6b protein can induce expression of these homeobox genes, although it is uncertain whether AK-6b may control the expression directly or indirectly. The observation that nuclear import of AK-6b protein is required for the appearance of phenotypes (Fig. 5, 6 ) suggests a role for this protein in nuclei. We have previously shown that a fusion protein composed of the DNA-binding domain of yeast GAL4 and AK-6b activates transcription of a reporter gene in tobacco cells (Kitakura et al. 2002) . Therefore, the 6b protein has the potential to affect directly expression of certain genes that might be involved in cell proliferation and differentiation. Investigation of molecular mechanisms of the processes stimulated by 6b protein should provide a new insight for understanding normal cellular systems that control cell growth and differentiation in plants.
Materials and Methods
Plant materials
Tobacco (Nicotiana tabacum cv. SR1) and A. thaliana ecotype Columbia (Col-0) were used as the wild-type plants. Wild-type and AK-6b transgenic plants were grown as previously described (Semiarti et al. 2001 , Kitakura et al. 2002 . For analyses of gross morphology of tobacco, plants were grown on soil in a greenhouse (light for 16 h and darkness for 8 h) at 28°C. For anatomical analyses and RNA preparation, tobacco plants were grown on Murashige and Skoog medium prepared with 1% agar in light for 16 h and in darkness for 8 h at 26°C. For analyses of phenotypes of Arabidopsis, seeds were sown on soil, and after 2 d at 4°C in darkness, plants were transferred to a regimen of white light for 16 h and darkness for 8 h at 22°C. For RNA preparation from Arabidopsis plants, seeds were sown on Murashige and Skoog medium prepared with 1% agar, and the plants were germinated and grown under conditions similar to those described above.
Plasmid constructs
Plasmid DNAs were constructed using PCR amplification and standard cloning techniques. The AK-6b gene from pTiAKE10 (Wabiko and Minemura 1996) was linked to the cauliflower mosaic virus P35S in the binary vector pBI121. The GR gene was fused to the 3′ end of sGFP-AK-6b (Kitakura et al. 2002) , which was linked to P35S in the binary vector pSK1 (Kojima et al. 1999) .
Analyses of gene expression
For analyses of gene expression of tobacco, plants were grown for 45 d as described above; leaves 5-6 cm in length were isolated from the wild-type and AK-6b transgenic plants and RNA was prepared (Hamada et al. 2000) . Arabidopsis plants were grown for 13 d after vernalization and RNA was prepared from the first and the second leaves. RNA gel blot analyses were performed as described elsewhere (Hamada et al. 2000) with the exception that total RNA from leaves of AK-6b transgenic tobacco and SR1 was prepared and the polyadenylated RNA (0.5 µg) was used.
To prepare a NTH15 probe, a 465 bp fragment, corresponding to the 5′ portion of NTH15 cDNA, was generated by BamHI and SacI cleavage of a plasmid that contained NTH15 cDNA. We used the coding regions of CycD3;1 (AJ011893) cDNA and AK-6b DNA for hybridizaton probes by cleavage of plasmids that contained CycD3;1 cDNA (pNU449) and AK-6b DNA (pNU309). PCR fragments of NTH1, NTH20, NTH22, NACK1 and cyclinB cDNA were used to generate hybridization probes. We used primers specific for NTH1 (NTH1-1, 5′-GACCTGTTTCTCTCCCTCTTTA-3′and NTH1-2, 5′-
